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Synchrotron radiation sources are immensely useful tools for scientific researches and 
many practical applications1-4. Currently, the state-of-the-art synchrotrons rely on 
conventional accelerators, where electrons are accelerated in a straight line and radiate in 
bending magnets or other insertion devices. However, these facilities are usually large and 
costly5. Here, we propose a compact all-optical synchrotron-like radiation source based on 
laser-plasma acceleration either in a straight or in a curved plasma channel. With the laser 
pulse off-axially injected in a straight channel, the centroid oscillation of the pulse causes a 
wiggler motion of the whole accelerating structure including the trapped electrons, 
leading to strong synchrotron-like radiations with tunable spectra. It is further shown that 
a ring-shaped synchrotron is possible in a curved plasma channel. Due to the intense 
acceleration and bending fields inside plasmas, the central part of the sources can be 
made within palm size. With its potential of high flexibility and tunability, such compact 
light sources once realized would find applications in wide areas and make up the shortage 
of large synchrotron radiation facilities.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The laser plasma based new concept of accelerator, i.e. laser wakefield accelerator, has shown rapid 
progress in the last 30 years
6–8
. In this scheme, an ultrashort intense laser pulse is used to excite a 
large-amplitude plasma wave with field strength of about 100 GV/m and phase velocity close to the 
speed of light. Electrons can be trapped in such a structure and be accelerated to GeV energy in a 
centimeter distance
9, 10
. The new record of beam energy is 4.2 GeV, achieved recently by Leemans’ 
group at Lawrence Berkeley National Laboratory in 9 cm acceleration distance by a 350 TW laser
11
. 
During the longitudinal acceleration, electrons in such a structure usually also undergo transverse 
betatron oscillations which lead to electromagnetic radiation
12, 13
. Betatron radiation has both been 
studied theoretically and demonstrated experimentally
14–17
. A peak brightness of 1×10
22 
photons/s/mrad
2
/mm
2
/0.1%BW has been observed in experiments and simulations
18
. Another way to 
use such electron beam for radiation is by use of external insertion devices such as a magnetic wiggler 
or undulator
19–21
, or a light undulator
22, 23
. Schlenvoigt et al. have reported their experimental results 
of 740nm radiation with a peak brilliance 6.5×10
16 
photons/s/mrad
2
/mm
2
/0.1%BW, which is found 
from the interaction of a 28 pC, 10-fs-duration electron bunch with a 50 period, 1-m-long undulator 
with a deflection parameter K=0.6
20
. Although the electron betatron radiation inside a wakefield can 
generate high frequency radiation, the limited tunability in the light spectrum and brightness hinder 
its wide applications. The combination of LWFA with usual magnetic devices may produce high energy 
photons for applications, the size of the whole facility is, however, inevitably much expanded. The 
design of an all-optical synchrotron-like radiation device with improved properties would be 
extremely attractive for broad applications.  
 
Here, we propose a new route towards synchrotron-like radiation with laser plasma based 
accelerators and undulators formed inside straight or curved plasma channels. Different from the 
normal betatron radiation of electrons oscillating in a wakefield, our scheme basically results from the 
laser centroid guiding and transverse wake structure oscillation. It gives controllable oscillation 
frequency, amplitude, electron beam and radiation beam pointing. These then provide more 
controllability for the radiation, important for practical applications. By using multidimensional 
particle-in-cell (PIC) simulations we show that both the driver laser pulse and the electron beam 
accelerated behind can be well guided over considerable distances inside the plasma channels. In the 
case with the straight plasma channel, off-axis or obliquely laser injection leads to transverse 
oscillations of the electron beams due to the centroid oscillation of the driver laser. In the case with 
the curved plasma channel, bent propagation of the driver laser and the trapped electron beams are 
also found. Synchrotron radiations are then generated naturally from the beam acceleration and 
guiding processes. Since the oscillating propagation and bent propagation of the beams as well as the 
beam energy inside the channels can be fully controlled by the laser and channel parameters, the 
radiation spectra can be largely tunable.  
 
 
Laser Wakefield Acceleration in a Straight Plasma Channel 
Due to the natural diffraction of a laser beam beyond the Rayleigh length (𝑍𝑅 = 𝑘0𝑊0
2/2), a parabolic 
plasma channel with density profile 𝑛(𝑟) = 𝑛0 + Δ𝑛𝑟
2/𝑟0
2 was suggested and used for long distance 
propagation of high power lasers
7
. Here, 𝑘0 = 2𝜋/𝜆0 is the laser wave number, W0 is the focal spot 
size, Δ𝑛 = 𝑛(𝑟0) − 𝑛0 is the channel depth and 𝑟0  is its width. Plenty of theoretical studies have 
shown that a matched plasma channel can be used to keep laser spot size stable during the 
propagation. However, a perfect matching is almost impossible in reality. Usually the laser spot size 
experiences periodic oscillations during their propagation when the channel is not well matched with 
the laser spot size. This kind of mismatching can lead to wakefield evolution in LWFA, followed with 
electron injection. There are many works published on these effects.  
 
Besides the laser spot size evolution, there is also another factor critical for LWFA in a plasma channel, 
which is rarely studied so far. It is about the laser injection position and direction relative to the 
plasma channel axis. If the laser is off-axis injected, i.e., the initial laser propagation direction is not 
along the channel axis, or the laser is obliquely incident into the plasma channel, the whole electron 
beam may oscillate transversely inside the plasma channel following the laser propagation. As we will 
show in this paper, the oscillation and guiding of the laser pulse in such cases can be used to induce 
wiggler/undulator like radiation from the electrons accelerated in the wakefield. We first study the 
propagation of an off-axis injection pulse, and then extend it to the oblique incidence case. Based 
upon these, a bent plasma channel is introduced in the next section. The radiation properties of 
electrons inside the channels will be discussed finally. 
 
For a straight plasma channel, from the theory developed in Ref. [7], the spot size 𝑟𝑠  of a Gaussian 
laser beam with |𝑎|2 = (𝑎0𝑟0/𝑔𝑠)
2exp (−2𝑟2/𝑟𝑠
2) evolves according to 
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where 𝑅 = 𝑟𝑠/𝑟0  is the normalized spot size, 𝑍𝑀 = 𝜋𝑟0
2/𝜆0 , and Δ𝑛𝑐 = (𝜋𝑟𝑒𝑟0
2)−1 = 1.13 ×
1020(𝑐𝑚−3)/𝑟0
2(𝜇𝑚) with 𝑟𝑒 = 𝑒
2/𝑚𝑒𝑐
2 is the classical electron radius. For a matched plasma 
channel and laser pulse (Δ𝑛 = Δ𝑛𝑐  and 𝑟𝑠 = 𝑟0), the laser spot size is stable during the propagation. 
Otherwise the spot size oscillates between 𝑟𝑠 = 𝑟𝑖  and 𝑟𝑠 = (Δ𝑛/Δ𝑛𝑐)
1/2𝑟0
2/𝑟𝑖, where 𝑟𝑖  is the laser 
spot size at the entrance (𝑧 = 0) and 𝑑𝑟𝑠/𝑑𝑧 = 0 at 𝑧 = 0 is assumed. The oscillation period length 
is 𝜆𝑜𝑠 = 𝜋𝑍𝑀(Δ𝑛/Δ𝑛𝑐)
1/2  (see Fig. 1(a)). 
 
The above analytical results are valid for the co-axis injection case. If the laser pulse is off-axis injected, 
the laser centroid will also oscillate transversely besides the normal self-focusing and defocusing (see 
Fig. 1(b)). The oscillation period can be analyzed by comparing Figs. 1(a) and 1(b). If we trace the 
trajectory of the top half part of a laser pulse which initially injects on axis, after 2𝜆𝑜𝑠  distance the 
top half part goes back to its initial transverse position. So it is reasonable to think the transverse 
oscillation period for an off-axis injection pulse is Λ𝑜𝑠 = 2𝜆𝑜𝑠. We have carried out two-dimensional 
PIC simulations to confirm this. 
 
In the 2D simulations the laser pulse injects into the simulation box from the left boundary. The 
normalized intensity is 𝑎 = 𝑒𝐸𝑚𝜔0𝑐 = 𝑎0 × 𝑒𝑥𝑝(−𝑡
2/𝐿0
2 − 𝑟2/𝑊0
2)  with 𝑎0 = 2.0, 𝐿0 =
9.48𝑇0, 𝑊0 = 10.0𝜆0  and 𝜆0 = 0.8𝜇𝑚, 𝑇0 = 2𝜋/𝜔0 ≃ 2.67𝑓𝑠. The laser is s-polarized with electric 
field perpendicular to the simulation plane. The plasma density has a channel profile with 𝑛0 =
0.001𝑛𝑐, and Δ𝑛 = Δ𝑛𝑐, where 𝑛𝑐 ≃ 1.7 × 10
21/𝑐𝑚3 is the critical plasma density for the laser 
pulse. We have used ionization injection for controlled electron injection by setting a mixed 
preformed plasma composed of fully ionized He plasma (composing the plasma density of 𝑛𝑒) and 
partially ionized Nitrogen plasma with density of 𝑛𝑁5+ = 5.0 × 10
−4𝑛𝑐
24–27
. The nitrogen is located 
from 𝑥 = 30𝜆0 to 𝑥 = 50𝜆0with an upramp-plateau-downramp (5𝜆0 − 10𝜆0 − 5𝜆0) profile. This 
kind of distribution is used to obtain quasi-monoenergetic electron acceleration which is widely 
adopted in recent ionization injection experiments and can be replaced by other controlled injection 
schemes. 
 
In Fig. 1(c) we show the centroid oscillations of the laser pulse (thick solid line) and accelerated 
electron beam (thin dash-dotted line) along the longitudinal acceleration distance for different 
channel width 𝑟0. In the simulations we set Δ𝑛 = Δ𝑛𝑐 and the initial off-axis displacement 𝑌 = 3𝜆0 
when the channel width 𝑟0  is varied. From the analytical results
7
, the oscillation period for focusing 
and defocusing is Λ𝑜𝑠 = 1.58 mm for our simulation parameters of 𝑟0 = 𝑊0. The simulation result 
shows Λ𝑜𝑠 ≃ 1.56 mm which is close to the analytical result. This is just what we have deduced 
before (see Figs. 1(a) and 1(b)). For different channel widths, analytical results show Λ𝑜𝑠 ∝
𝑍𝑀√△ 𝑛𝑐/△ 𝑛 ∝ 𝑟0
2 . The simulations give similar results: Λ𝑜𝑠(𝑟0 = 1.2): Λ𝑜𝑠(𝑟0 = 1.0): Λ𝑜𝑠(𝑟0 =
0.8) = 2.25: 1.56: 1.05,  which is close to 1.22: 1.02: 0.82. All these simulation results show that the 
laser centroid oscillation can be well described by the channel guiding theory, which provides for 
controllable beam propagation. 
 
Besides the laser beam oscillation, Fig. 1(c) also shows the oscillation of accelerated electron beam. 
Normally the electron beams oscillate along with the laser beams almost synchronously except for a 
slight delay. The electron beam deviates more from the channel axis than the laser beam and its 
oscillation amplitude is also larger than that of the laser beam. When the channel width reduces and 
the electron energy increases, this kind of synchronism is broken as shown by the green solid line and 
the violet dash-dotted line for the laser centroid and the electron beam, respectively. Figures 1(d) and 
1(e) show snapshots of typical acceleration structure, electron beam and laser beam at different time. 
As one can see, the laser beam, acceleration bubble and accelerated electrons oscillate obviously 
inside the channel. This kind of beam oscillation is different from the one found by Popp et al.
28
, 
where both the acceleration structure and electron beam also deviate from straight line due to laser 
front tilting. Moreover, the electron beam cannot go back to the initial transverse position in their 
case. In the simulation we also find the laser pulse may tear to be broken transversely and 
longitudinally due to stronger oscillation if the channel depth or the initial laser off-axis distance is too 
large. 
 
Besides plasma channel properties, both the transverse injection deviation and laser angular pointing 
are critical parameters for laser beam propagation. We study these parameter effects by fixing the 
channel parameters and changing the initial laser off-axis injection position and injection angle. When 
discussing the off-axis effects, the laser injection angle is fixed to be 𝜃 = 0o or parallel to the 
channel axis. In Fig. 2(a) three different initial off-axis positions are studied. As we can see the 
oscillation frequencies of the laser centroid are the same for all these cases. They are the same as the 
analytical results discussed before. In addition, a typical evolution of the laser maximum intensity for 
the transverse off-axis of 𝑌 = 3𝜆0 is shown by the green dashed line. Its oscillation period is half of 
the laser centroid oscillation as expected according to Figs. 1(a) and 1(b). The effect of injection 
pointing angle is shown in Fig. 2(b), where two simulation cases with injection angles 𝜃 = 1o and 
𝜃 = 2o are given. The larger the injection angle, the larger oscillation amplitude of the laser beam. 
However, the oscillation period is independent of this parameter. It is only determined by the channel 
properties as shown in the analytical part. There is also some up-limit for the injection angle, beyond 
which the laser pulse may experience deformation and no suitable acceleration structure can be 
formed. For the given channel parameters in this work, our simulation shows that the laser pulse will 
go through the channel boundary transversely when 𝜃 ≥ 5o, and electrons are no longer accelerated 
along the plasma channel. In principle, the effect of injection angle is the same as the off-axis injection 
since the latter also leads to laser pulse propagation at some tilt angles inside the channel.  
 
In reality, laser propagation is a kind of 3D phenomenon, especially the self-focusing is dimensional 
dependent. We have carried out 3D simulations for the off-axis injection of the laser pulse and 
corresponding electron beams in a plasma channel. Due to the limit of computational resources, we 
scale down the laser plasma parameters to a small acceleration structure by increasing the plasma 
density to 𝑛0 = 0.01𝑛𝑐  and correspondingly reduce the size of the laser pulse. The laser is initially 
off-axis injected into the plasma channel with the incident angle of zero degree. Figure 3 shows 
typical snapshots of the wakefield distribution, accelerated electron beam and longitudinal electric 
fields at two different acceleration distances. From the projections of the wakefield and accelerated 
electron beam, one can see both the laser pulse and electron beam oscillate in the plane determined 
by the initial laser propagation direction and the channel axis in the 3D case. In the meanwhile, 2D 
simulations for such parameters are also carried out, which shows similar results. This benchmarks 
the rationality of our simulations of using 2D geometry for other cases. 
 
In addition, there is another universal case we have not included here for 3D simulation. The centroid 
of a laser pulse may perform spiral motion if the initial laser propagation axis is in an arbitrary skew 
angle against the channel axis. This is a natural deduction. The radiation by electrons from this motion 
may show unique characters. To avoid excessive expansion of our current paper, we leave these in 
future studies. 
 
 
Laser Wakefield Acceleration in a Curved Plasma Channel 
From the above analytical and simulation results of laser and beam centroid oscillations, it appears 
possible to guide both the laser pulse and electron beam even along a continuous bending trajectory 
by using an initially bent plasma channel with certain curvature. Once realized, it can lead to 
controllable pointing of an electron beam and the associated radiation, which may benefit the 
applications of LWFA accelerated electron beam and radiation. Even a closed or open ring structure 
may also be possible provided the laser power is high enough and the curvature of the bent plasma 
channel is proper, as schematically shown in Fig. 4(a). However, it is almost impossible to simulate 
laser guiding in a closed ring structure with the current computational ability and routine PIC codes, 
where the curvature of the ring is expected to be around centimeter scale or larger.  
 
Even though one cannot simulate the whole laser guiding and electron acceleration processes with a 
curved plasma channel in a large range region, it is still possible to test this idea in a part of a ring 
structure (see Methods). The plasma parameters of the arc-shaped channel are chosen according to 
the simulation results given above for the case of a straight plasma channel. We set the outer and 
inner radiuses of the ring shape plasma channel boundary to be 𝑅1 = 30.04𝑚𝑚 and 𝑅2 =
29.96𝑚𝑚, respectively. The channel density parameters and laser parameters are the same as the 2D 
simulations as before. The total simulation regime covers a region of 9mm × 1mm. The bent plasma 
channel ends until 𝑥 = 7.76𝑚𝑚, after which electrons and the laser pulse propagate inside vacuum 
for a short distance. To avoid electron losing due to continuous bending of the wake trajectory, a 
0.76mm long straight pre-acceleration part is added before the channel goes into the bent region. In 
the pre-acceleration stage electrons can be accelerated to a small distance away from the end of the 
bucket so there will be enough transverse potential to trap the electrons avoiding transverse losing. 
 
Typical simulation results are shown in Fig. 4 (b,c), where the evolution of the laser beam centroid 
and the energy of beam electrons and their average deflection angle are shown. As one can see, the 
trajectory is generally guided by the plasma channel. From the inset of Fig. 4 (b) we see the guided 
electron trajectory is beyond the channel center. In another simulation we find both the laser and 
electron beam trajectory may oscillate around the channel center as shown schematically in Fig. 4 (a) 
by the red dashed line. Figure 4(c) shows the electrons get continuous acceleration to 600MeV until 
the plasma channel ends at 𝑥 = 7.76𝑚𝑚. The moving angle of the electron beam is shown by the 
blue line, which also shows oscillating character. The final beam propagation direction is more than 
12
o
 away from the initial injection direction. Two typical snapshots of acceleration structure at x = 
0.632mm and x = 7.667mm are shown on top of Fig. 4(b). From them one can see the bending of the 
acceleration trajectory clearly. Longer acceleration along the ring structure is possible if one uses a 
high energy laser pulse along with an appropriate guiding channel. Electron acceleration at 10GeV 
level by using 10cm plasma channel is well studied theoretically, e.g., in LBNL. Further acceleration 
length is also under discussion in many laboratories around the world. To effectively bend an electron 
beam, the plasma channel length can be reduced by using a smaller curvature radius. However, it 
should be carefully selected otherwise the laser pulse may go through the channel boundary or be 
deformed seriously. The minimum value depends on channel depth and laser intensity. In our 
simulation parameters R = 2.4cm is still possible for laser and electron beam guiding, which means the 
circumstance is about 15cm, which is already close to the BELLA like plasma channel length. In 
addition, since electron energy is continuously increased until dephasing happens inside the curved 
plasma channel, a spiral like plasma channel with radius increasing with the polar angle may be 
needed to accomplish cyclotron like radiation. 
 
 
Controlled synchrotron radiation in straight and curved plasma channels 
From the above studies, one can see that both in straight or curved plasma channels electrons can 
experience controlled transverse acceleration. Similar to the electron beams transverse acceleration 
in insertion devices or bending magnets in a traditional storage ring, synchrotron-like radiations can 
be generated in such plasma channels. For incoherent radiations, the radiation intensity is 
proportional to the final electron beam charge. It depends on the injection process and beam loading 
effect during the wake acceleration. One may increase the final electron charge by increasing the 
concentration of Nitrogen when ionization injection is used. In our typical 2D simulations, 6 ×
106/𝜇𝑚 ∼ 3 × 107/𝜇𝑚 electrons are accelerated, which corresponds to about a few pC electrons. 
Besides the electron charge, the beam propagation trajectory is another key factor that affects the 
final radiation spectrum. 
 
In a straight plasma channel, electron path can be approximated by a sinusoidal curve with a period of 
Λ𝑜𝑠 = 2𝜋
2𝑟0
2(Δ𝑛/Δ𝑛𝑐)
1/2/𝜆0 , which can be tuned from hundreds of micrometers to few centimeters 
long. The transverse oscillation amplitude depends on the initial laser off-axis distance (𝑌) which can 
be usually tuned up to a few micrometers. The energy of electron beam is continuously increased 
during the acceleration process until reaching the dephasing point. In our typical simulations electron 
energy can reach 450 MeV after 4.5mm acceleration distance. Correspondingly the oscillation 
strength parameter 𝐾 = 2𝜋𝛾𝑌/Λ𝑜𝑠   is widely tunable (around 0.1 to 10), which means the radiation 
can show both undulator (when K < 1) or wiggler (when K > 1) like spectrum. Typical radiation photon 
energy is 𝐸𝑝 = 2𝛾
2ℎ𝑐/(1 + 𝐾2/2 + 𝛾2𝜃2)Λ𝑜𝑠, where ℎ is planck constant and 𝜃 is radiation angle.  
 
Typical angular integrated radiation spectra (dI/d from the electrons are shown in Fig. 5(d). To see 
the tunability of the radiation, three cases are studied: (i) the plasma channel width r0=w0, laser 
off-axis distance Y=30 (corresponding to violet and red lines in Fig. 5(d)); (ii) the plasma channel 
width r0=w0, laser off-axis distance Y=20 (corresponding to blue and black lines in Fig. 5(d)); (iii) the 
plasma channel width r0=1.2w0, laser off-axis distance Y=30 (corresponding to green and light blue 
lines in Fig. 5(d)). The radiation spectra are calculated with the VDSR code
31
 (see Methods) using 
traced electrons in PIC simulations. Trajectories for some of the selected electrons of case (i) and case 
(iii) are shown in Fig. 5(a) and (b), respectively. As one can see electrons show irregular oscillations 
overlapping on regular oscillations at the beginning of the acceleration (x<1.588mm). To avoid the 
uncertainty of trajectory selection at the beginning the radiation calculation position begins at 
x=1.588mm. Low frequency radiations before this position have been omitted. Radiation spectra after 
two different acceleration distances are shown. The green, violet and blue lines correspond to an 
acceleration distance of Lacce=1.5mm; light blue, red and black lines correspond to the acceleration 
distance of Lacce=2.25mm. As one can see the radiation spectra show wide bandwidth. The peak 
positions of spectra for the long acceleration show obvious blue shift due to higher electron energy 
along the acceleration (see the color variation along each trajectory). Comparing cases (i) and (iii), one 
can see that larger channel width introduces larger oscillation period of the electron beam (Λ𝑜𝑠) and 
smaller photon energy. For our simulation parameters, the peak radiation frequency locates between 
0.895keV to 3.88keV. The high energy tail extends to tens of keV, which covers the soft x-ray to hard 
x-ray regime. Fig. 5(e) and (f) show angular resolved spectra for case (i) and (iii), respectively. As one 
can see that besides frequency shifting, radiation angular distribution also varies significantly with the 
laser plasma parameters. This provides the flexibility for radiation pointing.  
 
In a bent plasma channel, the curvature of the electron trajectories depends on the curvature of the 
plasma channel which has a lower limitation determined by the laser guiding. Usually the curvature 
radius R is in few centimeter scale. Different from the normal radiation in a storage ring, in our case 
the electrons are accelerated continuously when they radiate. A multiple period motion inside a ring 
like plasma structure may not be helpful or necessary for such a radiation source since the laser 
depletion and electron dephasing may happen before reaching the multiple period motion. The 
radiation spectrum is more like the continuous radiation spectrum from a single bending magnet 
without harmonic characters. The critical radiation frequency is about 𝜔𝑐 ∼ 𝛾
3𝑐/𝑅. For the case in 
Fig. 4, there are 𝛾 ≃ 1200, 𝑅 = 3𝑐𝑚 at the end of the plasma channel. This corresponds to a critical 
photon energy of 7 keV. 
 
 
Summary 
In summary, a scheme of compact synchrotron radiation is proposed based upon laser wakefield 
acceleration of electrons by use of different plasma channels. For a straight plasma channel, electron 
beam oscillation and subsequent radiation are realized by use of off-axis injection of laser pulses and 
obliquely injected laser pulses. On this basis, we show that bent laser propagation and electron 
acceleration inside a curved plasma channel are possible, which lead to a new type of compact 
synchrotron radiation. In our scheme both transverse and longitudinal acceleration comes from the 
laser wakefield, without any external acceleration fields and bending magnets. Note that the two 
kinds of beam lines suggested with straight plasma channels and curved plasma channels are similar 
to conventional linear undulator radiation and storage ring radiation. The acceleration and radiation 
parts of this kind of devices can be made within palm size and thereby be constructed with much 
reduced cost. Although the quality of such light sources may not be comparable immediately with 
existing SRs, it shows unique advantages for wide applications. Even though the current paper has 
demonstrated the principle concept of the new type of synchrotron radiations, it is obvious that there 
are still high potential and need to improve the quality of such light sources with detailed design for 
laser wakefield acceleration and channel guiding.  
 
It deserves to point out that our channel guiding studies for both laser and electron beams can also 
benefit other radiation schemes. By using a plasma channel, all optical Thomson or Compton 
scattering may be realized more easily
29
. Two lasers can be incident into a plasma channel from two 
ends of the channel separately. An intense short pulse drives a wakefield accelerating electrons 
behind. The other low intensity long laser pulse oppositely propagates and interacts with the 
accelerated electron beam and makes Thomson scattering. By using this method, the difficulty of 
laser beam overlapping in space and time could be significantly reduced since both of them can be 
automatically guided by the plasma channel. Detailed studies on this topic still need to be carried out 
both numerically and experimentally. The curved channel guiding may also be helpful to reduce the 
difficulty of staged wakefield acceleration since lasers with different propagation directions can be 
used for different acceleration stages, which provides more flexibility for experimental arrangements.  
 
 
Methods 
The standard particle-in-cell simulations are used to study the wakefield acceleration process. Both 
VLPL
30
 and OSIRIS
31
 PIC codes are used to perform the simulations. The simulations by these two 
codes are benchmarked with each other, which guarantee the correctness of simulation results. Both 
of the codes are fully relativistic electromagnetic code. For the curved plasma channel simulation, to 
save the transverse size of the simulation box, periodic boundary conditions in transverse directions 
are used both for particles and fields. The simulation box size is 80𝜇𝑚 × 192𝜇𝑚, which is much 
smaller than the total simulation space (9𝑚𝑚 × 1𝑚𝑚) both in longitudinal and transverse directions. 
This is done by adjusting the plasma channel distribution according to the simulation box size and the 
transverse periodic conditions. To save computational time, the background He plasma is represented 
by electrons and protons only. The initial state for Nitrogen is 𝑁5+  since ionization injection in our 
laser plasma parameters comes from 𝑁5+  and 𝑁6+  ions. We use 16 macro particles per cell for 
Nitrogen ions and 9 for electrons. The cell size is 0.032𝜆0 × 0.25𝜆0 and temporal resolution is 
𝑑𝑡 = 0.0315𝑇0 for the 2D simulations. Numerical convergence is checked by increasing the macro 
particle number and the simulation resolution. The laser pulse is focused at x = 20𝜆0 and incidents 
from the left boundary with initial center at x = −30𝜆0. 
 
The radiation spectra are calculated by the post process code VDSR
32
. We traced 100 electrons from 
the high energy bunch in PIC simulations and input the trajectories into the VDSR code. The time step 
for the trajectory output is 𝑑𝑡 = 0.09375𝑇0. The electrons are recorded once they have been ionized. 
The code then calculates each electron’s radiation along the trajectories. The final spectrum is 
incoherent addition of the radiation from the 100 electrons. In the code by selecting different end 
positions along the trajectories, radiations from different acceleration lengths are calculated. The 
radiation is only calculated for simulations with p-polarized laser pulses. In 2D PIC simulation although 
electrons show similar trajectories in the simulation plane (comparing Figs. 5(a) and 5(c)) when p and 
s polarized laser pulses are used, electrons will have nonzero momentum along the third direction but 
without displacement along this direction when s polarized laser pulse is used, which may introduce 
inconsistence to the radiation calculation.  
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Figures: 
 
 
 
Figure 1| Off-axis injection effects on laser wakefield acceleration in a straight plasma channel. 
(a) Schematic plot showing the laser propagation with on-axis injection in the plasma channel. (b) 
Laser propagation with off-axis injection in the plasma channel. The solid lines in (c) show the 
evolution of the laser central transverse position along their propagation distance under 
different channel radius r0, while the dashed line show the central transverse position evolution 
of the accelerated electron beam along the longitudinal acceleration distance. (d) and (e) show 
snapshots of typical wakefield structures and accelerated beams at acceleration length of 2.36 
mm and 3.03 mm, respectively, along with the corresponding laser beam profiles shown at two 
sides.  
 
 
 
 
Figure 2| Laser off-axis and oblique injection effects on beam oscillation. (a) Change of the laser 
centroid along the propagation distance for off-axis injection with different initial deviation 
distances Y at the injection angle 𝜃 = 0o. A typical laser intensity oscillation for the off-axis 
injection case of 𝑌 = 3𝜆0 is shown by the green dashed line. (b) Change of the laser centroid 
along the propagation distance for oblique injection angles at 𝜃 = 1o and 𝜃 = 2o and with 
initial deviation distance Y=0. The laser and plasma density parameters are the same as before 
and 𝑟0 = 𝑊0 for all these cases. 
 
 
 
Figure 3| Typical 3D-PIC simulation results for a wakefield acceleration from an off-axis 
injected laser beam. Snapshots of plasma density (gray background), injected electron beam 
(red points) and longitudinal electric fields (blue-green-orange iso-surfaces) are shown for two 
different time steps. The projections on three surfaces of the cubic show the electrons 
oscillations along the acceleration distance. To save computational cost, laser plasma parameters 
are scaled down with 𝐿0 = 3𝑇0, 𝑊0 = 4.5𝜆0, 𝑌 = 3.0𝜆0, 𝜃 = 0.0
𝑜, 𝑛0 = 0.01𝑛𝑐. The nitrogen 
density is 𝑛𝑁 = 5.0 × 10
−4𝑛𝑐. 
 
 
 
 
 
 
  
Figure 4| Electron acceleration in a curved plasma channel. (a) Schematic view of a synchrotron 
radiation ring based upon laser plasma wakefield acceleration, where the laser pulse propagates 
along the ring and oscillates around the channel axis with a typical trajectory shown by the red 
dashed line. (b) The trajectory of the laser pulse centroid through an arc-shaped channel in x-y 
plane from 2D PIC simulation. In the simulation the radius of the plasma channel is 𝑅 = (𝑅1 +
𝑅2)/2 = 30𝑚𝑚. The top right inset of the figure shows the zoom in of a part of the trajectory. 
One can see the laser centroid actually is only slightly deviated from the plasma center in our 
simulation parameters. (c) The average electron energy and deflection angle are shown. On top 
of (b), two snapshots of the wakefields are shown, from which one can see the wake is deflected 
due to the curvature of the plasma channel. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5| Typical trajectories of accelerated electrons and radiation spectra. The colors 
represent the electrons’ energies in (a), (b) and (c). (a) The laser is p-polarized and the channel 
width is r0=W0. (b) The channel width is r0=1.2W0. (c) The laser is s-polarized and the channel 
width is r0=W0. All the other simulation parameters are the same as those in Fig. 1. (d) Radiation 
spectra of the selected electrons. The radiation is calculated for a part of the trajectories. The 
upright legends represent the simulation parameters:[r0/W0,Y/0,Lacce]. (e,f) Radiation distribution 
dI2/dd (arbitrary unit) for case (i,iii), respectively. The acceleration distance here Lacce=3mm.  
